Objective: The proinflammatory cytokines interleukin (IL)-1b and IL-6 are supposed to be involved in various cardiovascular diseases including reperfusion injury and cardiac hypertrophy. Methods and results: In the present study, we have examined the cytokine expression from 3 h up to 12 weeks after permanent coronary artery occlusion in rats. In the first 3-12 h, there was a strong induction in IL-1b and IL-6 mRNA expression in the infarct area (up to 50-fold) as well as in the non-infarcted myocardium (up to 15-fold). From day 3 onwards the cytokine expression was not significantly altered compared to sham-operated controls. In addition, the expression of C /AATT-enhancer binding protein-b was about fourfold elevated in the first hours after myocardial infarction, but not thereafter. Furthermore, the expression of gp130 and IL-6 receptor increased significantly in the infarct area. The elevation in cytokine expression preceded the increase in matrix-metalloproteinase-9 in the infarct area as well as the increase in ANP and collagen expression in the non-infarcted myocardium. Conclusions: We suggest that IL-6 and IL-1b act synergistically in promoting resorption of the necrotic tissue, matrix remodeling and wound healing. Furthermore, they may be involved in the early induction of fibrosis and compensatory cardiac hypertrophy of the non-infarcted myocardium, but seem not to play a key role in long-term cardiac remodeling in chronic heart failure after myocardial infarction. 
. Introduction
that adrenergic stimulation evokes IL-6 expression both in vivo and in vitro [8, 9] . Transgenic mice overexpressing Large myocardial infarction (MI) causes substantial IL-6 and the IL-6 receptor show cardiac hypertrophy [10] . cardiac remodeling including replacement of the necrotic IL-6 plasma levels are elevated in acute MI as well as in area by scar as well as compensatory hypertrophy and the reperfused myocardium after short periods of coronary adverse fibrosis of the surviving myocardium [1] . Moreartery occlusion [11] . In addition, Ono et al. [12] and over, it leads to congestive heart failure (CHF) which is Prabhu et al. [13] showed elevated myocardial expression known to be associated with local and systemic elevation of IL-1b, IL-6 and TNF-a up to 20 weeks after coronary of both norepinephrine (NE) and pro-inflammatory cytoartery ligation when cellular inflammatory infiltration had kines, including interleukin (IL)-1b, IL-6, and tumor abated. necrosis factor (TNF)-a [2] [3] [4] [5] . In previous work, we and We have recently characterized MI in functional terms others have shown that chronic adrenergic stimulation and with respect to components of the extracellular matrix produces cardiac hypertrophy [6, 7] . We also demonstrated (ECM) [14] . The aim of the present study was to analyze cytokine expression after MI. We tested the hypothesis that proinflammatory cytokines may be involved in wound healing after coronary artery occlusion. We further studied mg of total RNA were used, and protected probes were whether the expression of IL-1b and IL-6 is associated quantified using the Molecular Imager (BioRad). The with the development of compensatory hypertrophy and signals of specific mRNAs were normalized to those of reactive fibrosis in the non-infarcted myocardium.
ARPP or L32 mRNA. 
. Results

.1. Hemodynamic measurements
All experimental animals had myocardial infarctions as confirmed by inspection of the LV myocardium and by ECG. The hemodynamic measurements, however, showed that 36% of the surviving animals had only a slight reduction in LV function (Fig. 1 ). Only animals with severe depression in LV function were included in this study. Depression in LV function was defined by a marked increase in LV end-diastolic pressure (LVEDP) and in RV systolic pressure (RVSP). Since the RVSP increased only from day 9 onwards (Fig. 1B) , the animals up to day 9 were selected on the basis of a LV developed pressure below 110 mmHg (Fig. 1A) . The hemodynamic measurements further showed a strong reduction in the rate of rise and fall in LV pressure (LVdP/dt and LVdP/dt , max min respectively) as well as in LV stroke work (not shown). RV function was measured from day 3 onwards. There was a progressive increase in RVdP/dt , RVdP/dt and max min stroke work from day 9 onwards (not shown).
sion increased in sham-operated animals in the first 6 h after surgery ( Fig. 2A , left-hand panel). Thus, we compared the samples of the MI-animals for up to 1 day after surgery to the respective control areas (MI-control, LV and RV) of time corresponding sham-operated controls. LV. In addition, IL-1a was detectable by RPA analysis in A pronounced increase in the mRNA expression of the infarcted and in the non-infarcted myocardium until 12 IL-1b and IL-6 occurred in both the non-infarcted LV and h after MI, but only in animals with MI ( Fig. 2A) . There the infarct area 6 h after LAD occlusion ( Fig. 2A) . Both was also a slight increase in TNF-a mRNA expression in IL-1b and IL-6 mRNA expression further increased in the the infarcted and non-infarcted myocardium with a maxiinfarct area 12 h after MI, but afterwards declined rapidly mum elevation of about threefold around day 1 after MI. (Fig. 3) . IL-1b and IL-6 were also elevated in the nonNo signals were obtained for all other cytokines investiinfarcted LV and RV but to a lesser extent (Fig. 4A,B) .
gated by the rCK1 set. In contrast, transcripts of cardiotThey declined already after 12 h. From day 3 after surgery rophin (CT)-1 were readily detectable, but no significant onwards, there was no further significant increase for both changes occurred in the infarct area or the non-infarcted cytokines either in the infarct area or in the non-infarcted myocardium for up to 4 weeks after MI (Fig. 2B) . 
.3. Expression of collagens, MMP-9, and ANP
showed an identical expression pattern (not shown). The MMP-9 mRNA expression was induced in the infarct area The expression of collagens as main components of the from 6 h after MI onwards (Fig. 3C) . It reached maximum ECM strongly increased in the non-infarcted myocardium.
expression on day 1 after MI. Thereafter, it declined, but Collagen I mRNA was elevated first on day 1 after MI, remained slightly elevated until 12 days post-MI. In the showed maximum expression on day 3 and thereafter non-infarcted myocardium, very low MMP-9 expression slowly declined (Fig. 4C ). There were no differences in the levels were observed, and no differences were detectable increase in collagen I expression between the non-infarcted when compared to sham-operated controls (not shown). LV and RV. Furthermore, the collagen III expression
The mRNA expression of ANP as marker of hyper- trophy and activation of the fetal gene program was non-infarcted myocardium. No differences from shammarkedly increased in the non-infarcted LV from day 1 operated controls were observed from 12 h after MI onwards (Fig. 4D) . In the non-infarcted RV it increased onwards. In the infarct area, both C / EBP-b and -d reached from day 9 onwards.
control levels on day 1 after MI. Thereafter, no further changes were detectable for C / EBP-b (Fig. 6A) . In
.4. Expression of transcription factors, gp130, and IL-6
contrast, C / EBP-d showed a second progressive increase receptor from day 6 after MI onwards (Fig. 6B) . Transcripts of gp130 were readily detectable in the The mRNA expression of CAATT / enhancer binding myocardium after both MI and sham-operation (Fig. 5) .
proteins (C / EBP)-b (NF-IL-6) and C / EBP-d increased in
No changes occurred during the first 3 weeks except for 12 the infarct area (Fig. 5) as well as in the non-infarcted h post-MI in the infarct area (Fig. 6C) . After 4 weeks, myocardium as early as 3 and 6 h after LAD occlusion. gp130 mRNA expression slightly but significantly inThereafter, both C / EBP-b and -d rapidly declined in the creased in the infarct area. There were no significant changes in gp130 expression in the non-infarcted myocarcriterion instead of RVSP (Fig. 1) . We also observed dium. In contrast, IL-6 receptor expression increased in the marked RV hypertrophy as measured by RV weight to infarct area on day 3 after MI. It decreased thereafter, but body weight ratio (not shown), which is well documented remained slightly elevated during the observation period in various earlier studies [14] [15] [16] [17] . LV and RV hypertrophy (Fig. 6D) . In contrast, there were no significant changes in were further documented by a marked increase in ANP IL-6R expression in the non-infarcted LV and RV except in mRNA expression (Fig. 4D) . the LV on day 3 after coronary artery occlusion.
.2. Cardiac cytokine expression after myocardial 3 .5. IL-6 protein expression and STAT3 phosphorylation infarction
IL-6 protein markedly increased in the myocardium IL-1b and IL-6 mRNA were strongly induced in the from 12 h to 2 days after MI (Fig. 7) . Thereafter, weak myocardium after permanent coronary artery occlusion in signals were detectable in the MI animals as well as in the rats. This induction persisted over the first 12 h after sham-operated controls. In parallel, a strong phosphorylainfarction and rapidly declined to control levels thereafter tion of STAT3 at Tyr occurred (Fig. 7) . Similar but (Fig. 3) . A similar increase also occurred in the non-705 weaker signals were obtained for the non-infarcted infarcted myocardium, but to a lesser extent and for a myocardium (not shown).
shorter duration (Fig. 4) . Also the myocardial IL-6 protein increased 12 h to 2 days after MI. This increase was 3 .6. Serum levels of accompanied by a marked increase in the phosphorylation of STAT3 at Tyr indicating an activation of the JAK /
705
The serum IL-6 was 17 (63.5) and 12 (61.5) pg / ml in STAT pathway through gp130, the signal transducing sham-operated animals (n55 at each time point) and 30 component of the IL-6 cytokine family (Fig. 7) . (64.5) and 40 (68) pg / ml in the MI animals (n514 at This increase in cytokine expression after MI is similar each time point) at 6 and 12 h after surgery, respectively.
to that by norepinephrine [8, 9] . Therefore, norepinephrine, On day 1, minimal IL-6 levels were detected in a few but which is strongly increased systemically and locally after not all animals. Thereafter, no IL-6 was detectable by MI [18] , might contribute to the increased cytokine ELISA in the serum of all animals.
expression besides other factors like hypoxia, complementderived factors (C5a) or TNF-a. Norepinephrine may account for the early induction in the infarct area as well as 4 . Discussion in the non-infarcted myocardium 6 h after MI. The further increase in the infarct area is likely due to invading 4 .1. Functional and morphological alterations leukocytes since the resident myocardial cells in the necrotic area have died. The severity of MI was evaluated on the basis of the Kukielka et al. [19] found increased IL-6 mRNA in the hemodynamic alterations at the time of catheterization. canine myocardium after 1 h of ischemia followed by 3 h Since an earlier morphometric analysis [16] had revealed of reperfusion, but weaker signals after 4 h of permanent that only hearts with infarct sizes greater than 45% had ischemia. Furthermore, there were no differences in the marked elevation in LVEDP and RVSP, only those animals IL-6 mRNA expression after 24 h permanent ischemia were included in this study. For up to 9 days after MI, a compared with 1 h of ischemia followed by 24 h of LV developed pressure below 110 mmHg was used as reperfusion. Samples at 6 and 12 h of permanent ischemia were not analyzed. In addition, the highest IL-6 levels RV hypertrophy and ANP expression. On the other hand, were detected in the segments displaying the greatest in both the non-infarcted LV and RV, IL-6 preceded an degree of ischemia [19] . Therefore, we speculate that IL-6 early and parallel increase in collagen I (Fig. 4C ) and plays an important role in both permanent ischemia as well collagen III [14] expression. Therefore, we speculate that as in reperfusion injury. These data support the hypothesis IL-6 is involved in cardiac remodeling by promoting that pro-inflammatory cytokines are induced in resident fibrosis either directly or by inducing fibroblast prolifercardiac cells, at least in the early stage, and contribute to ation. In addition to the well-known wide ranging IL-6 the initiation of the signal cascades leading to the ineffects on cell growth and differentiation, a fibrogenic IL-6 flammatory phase of wound healing after coronary artery activity has also been described [27] [28] [29] . occlusion.
Our data are in agreement with the observation of The increase in cytokine expression preceded the strong increased serum IL-6 levels as a diagnostic marker of acute elevation in the expression of MMP-9 mRNA in the MI or unstable coronary heart disease. Nevertheless, this infarcted myocardium (Fig. 3C) . As we have shown may also reflect an acute phase reaction, since the serum recently, this was accompanied by a marked increase in IL-6 increases in parallel to the myocardial IL-6 mRNA. gelatinolytic activity [14] . In the present study, a signifi-
The elevation in myocardial IL-6 protein occurred somecant amount of IL-6 protein and the activation of its what later. The serum IL-6 might also be derived from downstream signal transduction mechanism was shown leukocytes that are activated in the ischemic myocardium (Fig. 7) . This suggests that IL-6R and gp130 are expressed [30] . However, we did not observe increased serum IL-6 in in sufficient amounts. Moreover, the increases in IL-6 the later phases of congestive heart failure. Also, there was mRNA, IL-6 protein and STAT3-phosphorylation occurred only a slight but non-significant increase in IL-6 expresin a timely ordered fashion. Similar data on IL-1b protein sion in the myocardium for up to 12 weeks after MI (Figs. are currently not available, but would provide some more 3 and 4). This is compatible with the results by Ono et al. relevant information on patho-physiological function. IL- [12] who measured a two-to threefold increase in IL-6 1b, which is known to inhibit collagen synthesis, also mRNA by RT-PCR 8 and 20 weeks after MI. It is, promotes collagen degradation by activating expression, however, at variance with the findings by Prabhu et al. release and activation of MMPs in leukocytes, lympho- [13] , who observed a strong increase in IL-6 mRNA as cytes and fibroblasts [20] [21] [22] [23] . IL-6, on the other hand, can well as IL-6 protein 12 weeks after MI. The reason for this induce ICAM-1 expression and the subsequent adhesion of discrepancy is not clear. leukocytes [24] . It may also contribute to transendothelial
The animals in our study were characterized by a leukocyte migration by altering endothelial permeability depressed LV function ( Fig. 1) and signs of congestive [25, 26] . Therefore, IL-6 and IL-1b may act synergistically heart failure. The lack of a significant myocardial cytokine in promoting resorption of the necrotic tissue. We suggest expression in these MI rats (Figs. 3 and 4) , led us to that this may be important for matrix remodeling and re-investigate all rats with MI but nearly normal heart wound healing after infarction. function which were not included in this study (open In the non-infarcted myocardium, the situation is differcircles in Fig. 1 ). It turned out that cardiac cytokine ent, since the resident cells survive and less leukocyte expression in the myocardium of these additional animals infiltration occurs. Moreover, most of the changes in the was not different from the MI-rats which developed CHF non-infarcted myocardium are very similar to the effects of (not shown). Interestingly, there was also no significant norepinephrine in our previous studies on norepinephrine-IL-6 increase in the myocardium derived from patients induced cardiac hypertrophy in rats [6, 8] . Therefore, the with end-stage heart failure [31] . Therefore, IL-6 seems observed elevation in cytokine expression in the nonnot to play a key role in the long-term cardiac remodeling infarcted myocardium might be involved in the initiation in congestive heart failure after MI. Also C / EBP-b of compensatory hypertrophy after MI. This is in good expression is not increased at later times after MI. Moreaccordance with the observed increase in ANP expression over, IL-6R and gp130 are only slightly elevated weeks (Fig. 4D) . In a previous study, we reported RV hyafter MI (Fig. 6 ). This further indicates that there is no pertrophy measured as RV weight / body weight ratio strong activation of IL-6 transcription or IL-6 action in the (RVW/ BW) from day 12 post-MI onwards [14] . This was myocardium, especially since the IL-6 receptor complex is paralleled by the increase in ANP expression (Fig. 4D) .
not thought to be re-utilized after activation by ligand The LV weight data are more difficult to interpret, since the binding, but needs to be newly synthesized after internali-LVW/ BW slightly decreased initially due to the loss of zation. On the other hand, gp130 is ubiquitously expressed mass of the infarct area. From day 12 onwards, this in almost all cells and may be sufficient for activation. parameter increased as a sign of hypertrophy. Therefore, Our data are in accordance with the study by Hirota et ANP expression seems to us to be a reliable indicator of al. [9] in which chronic activation of gp130 caused cardiac the onset of LV hypertrophy.
hypertrophy in transgenic mice. This activation was due to In the non-infarcted RV, however, there is a gap between overexpression of both IL-6 and IL-6R. Therefore, other the increase in cytokine expression and the later occurring members of the IL-6 family may exert a similar effect, 
